Abstract -In this paper, we study the switching behavior of silicon-on-insulator light-emitting diodes (LEDs). Through the comparison of various device geometries, we establish the dimensional dependence of the switching speed of the LED. TCAD simulations are in line with the experimental results. Our findings indicate that ON-OFF keying up to GHz frequencies should be feasible with such diodes, although a design optimized for higher frequency operation will exhibit a reduced light emission efficiency.
silicon, much higher than long-anticipated earlier [14] . Light emission in FinFET technologies has also been reported recently [15] , [16] . Standard silicon platforms therefore inherently offer light emission capability. The switching speed of such LEDs has, however, hardly been studied in contrast to direct-bandgap LED switching [17] , with the notable exception of [18] .
In this paper, we measure optical switching in lateral siliconon-insulator (SOI) p-i-n LEDs. Conventional diode designs are compared with narrow-injector layouts [19] , which meant to decouple the carrier injection level from the diode current. TCAD simulations are used to identify the limitations in the switching speed in these devices.
This paper is outlined as follows. In Section II, we describe the background theory needed for this paper. In Sections III and IV, we discuss the experimental material and analyze the obtained results. In Section V, we further analyze the results with TCAD simulations. Finally, we come up with the conclusions in Section VI.
II. THEORY
When a forward bias is applied to a p-i-n diode, charge carriers are injected into the active (intrinsic) region. These carriers may recombine, possibly through a (phonon-assisted) radiative process. The charge carrier concentration inside the active region determines the radiative recombination rate R Rad according to [20] [21] [22] [23] R Rad = B Rad · pn − n 2 i (1) where B Rad is the radiative recombination coefficient, p and n are the hole and electron concentrations, respectively, and n i is the intrinsic carrier concentration. A higher forward bias V D , hence injection, gives higher R Rad through the higher pn product and therefore more light output, following:
Here, u T is the thermal voltage, E FN and E FP are the quasi-Fermi levels in the active region, k is Boltzmann's constant, and T is the absolute temperature. Upon a changing diode bias, the temporal evolution of the term ( pn−n 2 i ) directly determines the light emission over time. The device's optical switching speed is therefore governed by the rate of change of the pn product. The total stored charge inside the active region must change upon switching, by drift, diffusion, and/or generation/recombination.
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A. ON-Switching When the p-i-n diode turns ON due to a step in the applied voltage from negative to positive bias, the concentration of electrons and holes in the intrinsic region will increase exponentially with voltage. Charge is supplied from the p and n regions and fills the intrinsic region by diffusion. The time needed for such a process, i.e., the rise time, can be approximated as
with Q is the change in the stored charge in the active region, I is the (transient) displacement current of this charge, n ON is the electron concentration in the ON state, L is the active region length, A is the device area, and I rise is the average rise (or forward) current flowing through the diode during the transient. I rise comprises a mix of diffusion (low-bias) and drift (high-bias) currents. No analytical solution is available for the current development over time, and therefore, numerical calculations are required, as done in this paper using TCAD.
Equation (3) indicates that I rise should be as high as possible for fast switching. However, this must be enforced with a larger forward voltage. Generally, this leads to a faster rise of Q than I rise . As a result, a higher speed is obtained at lower forward voltage, as will be shown later.
B. OFF-Switching
At OFF-switching, excess charge in the intrinsic region should be removed. For the fall time τ fall , the same relation holds as for τ rise described earlier. The main difference with the ON-switching process is that the average fall (or reverse) current I fall is basically a drift current. Consequently, τ fall τ rise and therefore τ fall can be ignored in most cases as done in this paper.
Assuming that the switching response of an LED is characterized by a single time constant τ and the LED is biased for ON-OFF keying, its time-averaged brightness will reach 3-dB attenuation at a frequency given by f 3 dB ≈ √ 3/(2πτ), assuming a single pole model [17] . We make use of this principle to quantify the switching speed of a diode by time-integrated optical intensity measurements, as detailed in Section IV. The Appendix offers a more elaborate treatment of ON-and OFF-switching in p-i-n diodes.
C. Efficiency Versus Speed
The internal efficiency η IQE is defined by the ratio of the total amount of photons created per second and the total amount of injected charge carriers per second [17] . Hence, it can be stated that [24] η IQE = I Rad I tot (4) where I Rad is the radiative recombination current, which is basically a measure for the photon production, and I tot is the total current. I Rad is essentially determined by silicon material properties such as B Rad [see also (1) ] and is therefore governed by the injection level. For obtaining a high η IQE value, one therefore aims to reduce I tot by device design at a given pn product. This can be done by employing wide bandgap materials in the injector regions (see [17] , [24] , [25] ) or by adopting narrow-injector regions [19] [see also Fig. 1(c) ].
For a given pn product, I tot should be small to achieve high η IQE . A small I tot value leads to a smaller I rise value and therefore leads to a longer τ rise value at fixed Q. This implies that there is a tradeoff between the internal efficiency and the switching speed. . For the narrow-injector diode, we kept the active region dimensions constant and reduced the injector width of the LED from 100 to 10 μm. The basic idea of the narrow-injector LED [19] is to vary the injection condition as discussed further in this paper.
III. DEVICE FABRICATION
The active region length L was varied between 5 and 10 μm. The devices were fabricated in high-quality SOI substrates (p-type, ρ = 14 − 22 ·cm), t Si = 300 nm, on top of a 400-nm buried oxide layer. The SOI islands were formed by wet etching and subsequently insulated by a 10-nm thermal oxide layer. The injector regions, (i.e., the p + and n + regions) were realized by an implantation of 6 · 10 15 cm −2 of B + and 5 · 10 15 cm −2 of P + at 30 and 50 kV, respectively. Dopants were activated with a 5-s rapid thermal anneal at 900 • C, after the deposition of 30-nm plasma-enhanced chemical vapor deposited silicon oxide (at 150 • C). Contact windows were defined, and Al/Si(1%) contacts to the p + and n + regions were sputtered. The devices were sintered at 400 • C in forming gas for 10 min.
Based on earlier studies [26] , [27] , diodes fabricated in this manner exhibit typical internal quantum efficiencies around 10 −4 and a linear current-intensity relationship. The light emission peaks around 1150 nm, as follows from the 1.12-eV silicon bandgap. Fig. 2 shows the dc I-V measurements of the conventional and reduced injector LEDs with L = 5 and 10 μm. The I-V measurements have been carried out using a Keithley 4200 semiconductor characterization system and a Karl Süss PM8 probe station. The I-V curves of the diodes indicate that the series resistance increases for an increasing L value. The 5-μm-long diode has a series resistance of 39 , and the 10-μm one has a resistance of 89 . Generally, the series resistance was extracted from the Gummel plot (see Fig. 2 ) by taking the voltage drop between the extrapolated exponential curve and the actual I-V curve at the same current level. As we reduce the injector width W i from 100 to 10 μm for L = 5 μm, the total current flowing through the diode diminishes for the same applied voltage, both in low and high injection. The drop at low injection is because the total current is limited by the injector current via diffusion since it is proportional to W i . As a result, for the same current, the applied voltage, hence the pn product, increases [see (2) ] and so does the efficiency [19] , [24] . At high injection, the narrow-injector LED shows a much higher series resistance of approximately 816 .
IV. MEASUREMENTS
The emitted light from the diodes biased in forward was characterized with a measurement setup as sketched in Fig. 3 . Square-wave pulses with varying amplitudes of the input voltage V ON and V OFF were used as indicated in Fig. 3 . The light emitted from the diode was collected by a microscope and passed onto a cooled infrared camera. The camera contains a matrix of (256×320) InGaAs photodiodes, which are sensitive in the 0.9-1.7-μm wavelength range. The pixel information was processed by custom software (X-control) [28] . Fig. 4 shows the infrared images of some diodes illuminated with a weak external light (to visualize the test structures). The metal pads for providing the contacts to the LED are clearly visible. Fig. 4(a) shows the conventional diode in action; Fig. 4(b) shows the diode with narrow injectors. shows the infrared images of the conventional diodes for various square-wave pulses. As we increase the frequency of the square wave, the time-integrated light emission from these diodes gradually decreases in the few-MHz regime.
The integrated electroluminescence (EL) for these devices is shown in Fig. 6 as a function of frequency and bias. For higher V ON , higher EL is observed. The results show that the light output reduces as the switching frequency is increased above 100 kHz. For L = 5 μm, at a frequency of 8-10 MHz, the emitted light output reaches f 3 dB . For L = 10 μm, f 3 dB is around 5-6 MHz. As L is increased, at high injection, the series resistance increases by a factor of two (see Fig. 2 ). This, in turn, reduces the switching speed [see (10) ].
To investigate whether the injection condition determines the switching speed of the LED, we performed switching measurements in the narrow-injector LEDs [19] . Fig. 7 shows the top-view infrared images of the narrow-injector LED at different frequencies. Also here, as the frequency increases, the light output reduces. A reduced switching speed of 2 MHz is observed (see Fig. 8 ). As stated before, by reducing the injector width, the current flow through the LED reduces. Since the stored charge Q (or pn product) is kept constant for the same V ON (the same active region), as the current drops for narrow width, the switching delay time increases for a narrow-injector width (see the Appendix). Consequently, the speed of operation reduces. This indicates that the injection condition is an important factor, determining the speed of operation.
The narrow-injector LEDs are more efficient than the conventional diodes [19] , [24] . However, as discussed in Section II-C, the optical switching speed reduces when the efficiency increases. This tradeoff between the efficiency and speed is further evaluated via simulations in Section V-C. 
V. TCAD SIMULATION
To gain insight into the switching behavior, transient 2-D TCAD [29] simulations have been performed. The simulations apply the Boltzmann approximation with Philips' unified mobility model [30] , a doping-induced bandgap narrowing model [31] , and default recombination models (unless otherwise stated). The following Si recombination parameters were used: B Rad = 10 −14 cm 3 s −1 [32] , τ SRH = 2.5 · 10 −5 s, C n = 1.83·10 −31 cm 6 s −1 , and C p = 2.81·10 −31 cm 6 s −1 [33] . All simulations in this paper were performed at ambient temperature (T = 300 K). The uniformly 10 19 cm −3 doped p + and n + injector regions have a length of 10 μm. Fig. 9 (a) shows typical transient simulation results. The R Rad , which is a measure of light output, is integrated over the 2-D active region and is plotted for different frequencies. Fig. 9(b) shows the R Rad from Fig. 9(a) integrated over a 1-s time period. At higher frequencies, mainly, the slow turn-ON of the diode reduces the integrated R Rad and hence the light output. This supports and quantifies the assumption of τ fall τ rise discussed in Section II. f 3 dB is found to be between 8 and 10 MHz, in good agreement with the experiments. For L = 10 μm, f 3 dB of 3 MHz is obtained, showing the same trend. Table I summarizes our findings.
In the following, we continue to investigate the effect of several transport parameters on the switching performance.
A. Effect of Mobility on Switching
To study the effect of mobility on switching, we increased the mobility by a factor of 4 (resembling Ge) while keeping all other parameters fixed (see Table II ). The transient simulations showed much faster response compared with those reported in Fig. 9 . f 3 dB was increased to 40 MHz. This can be attributed to the reduced RC time. 
B. Effect of Recombination Rates on Switching
We also studied the effect of the radiative recombination coefficient (B Rad ) on the switching speed. Transient TCAD simulations show no effect (see Table II ) in the speed of operation. However, an increase in the light output [see (1) ] is observed, as the B Rad values are increased. f 3 dB remains in the 10-MHz range even when B Rad values comparable to those of III-V compounds are used. This is because in Si LEDs, the radiative current component at high-injection conditions does not affect the current flow through, and stored charge in, the diode [24] , hence the RC time. In directbandgap-based LEDs, however, τ rise is governed by radiative recombination [17] .
We also varied the Shockley-Read-Hall lifetime τ SRH and the Auger recombination lifetime values and those hardly showed any effect on the switching speed.
C. Optimization
As the active region length L has a strong effect on the RC delay (see the Appendix), the next step to increase the switching speed would be to reduce L. According to our simulations, f 3 dB increases to 50 MHz for a diode with L = 0.5 μm at high-injection switching (1.0 V). Fig. 10 shows the transient simulation for L = 0.5 μm at low injection. As V ON is reduced to 0.80 V, much faster switching operation is observed and f 3 dB reaches the GHz range. Fig. 11 shows f 3 dB for various active region lengths, indicating an increase in f 3 dB for reduced device dimensions and injection conditions. These simulations show an These simulations clearly indicate that there is tradeoff between speed and total light output (or efficiency) [19] , [24] .
At very low injections, high-speed optical switching is possible; however, the total light output (R Rad ∝ exp(V D /u T )) and efficiency will be quite low. As the light output increases, the speed reduces drastically, in line with the theoretical considerations in this paper and the narrow-injector LED measurements.
VI. CONCLUSION
We experimentally showed 10-MHz switching operation in forward-biased SOI LEDs, which is much higher than what might be expected from the radiative lifetime in silicon. TCAD simulations, which are in good agreement with measurements, confirm that the radiative lifetime has a negligible effect on the switching speed. Both measurements and TCAD simulations indicate that reducing the device dimensions can further increase the switching speed. The simulations also show a tradeoff between the efficiency and switching speed in the diode. This tradeoff is observed in our experiments as highly efficient narrow-injector LEDs showed lower speeds compared with conventional counterparts. Finally, the simulations predict that, for an optimized diode, cutoff frequencies in the GHz-range can be achieved at low-injection conditions.
APPENDIX: SWITCHING THEORY
This section discusses the basic switching theory of a 1-D p-i-n diode under the following assumptions.
1) The quasi-static approach is used, which means that the wavelength of the electrical signal is much larger than the device dimensions. 2) Only the charge build-up/reduction in the active region is considered; the charge in the injector regions is neglected. 3) Bulk recombination is ignored, unlike in [34] . For devices with active lengths of 10 μm or less, this is considered insignificant for the drift-diffusion balance. Initially, as traditionally done in many text books (see [35] ), the small-signal behavior is discussed before diving into the transient (or large-signal) behavior.
A. ON-Switching
For switching ON the LED, the excess charge will be mainly built up via diffusion of charge carriers [24] . The total diffusion current can be written as
where D n, p is the diffusion constant, N A,D is the doping concentration in the injector regions, and L p,n is the neutral injector length. Since V D drops over the active region and there is zero space charge, the excess charge density in the active region can be written as
and is practically constant throughout the active region. The excess charge then follows:
At high injection (V D > 0.8 V as can be established by TCAD and from Fig. 2 ), the current eventually becomes a drift current described as
where μ p,n is the charge carrier mobility. Combining (7) and (8)
as was reported for long, 1-D p-i-n diodes [34] . For small-signal switching, the transit or delay time is defined as
where R is the differential resistance. For low injection, it can be derived from (10) that
while for high injection
with μ = μ n + μ p . For both the cases, the capacitance
with n obtained from (6) . Consequently, at high injection
In summary, it can be concluded that τ is inversely proportional to I and proportional to L or to L 2 , depending on the injection level. Furthermore, since I d is much higher than I dif , at high injection τ is much smaller than at low injection. For analyzing the transient (large-signal) behavior of the p-i-n diode, one approach is to adopt the relation for the (small-signal) capacitance C and combine that with a complete dc model for the diode current in which both drift and diffusion components have been incorporated. In a way, this was done in our TCAD simulations. However, for the understanding, a qualitative discussion would suffice.
For ON-switching, the rise time can be expressed as
where I rise is the average rise (or forward) transient current
where I rise is the actual rise current, t is the time, and T is the time period of the transient. All transit times described in the above-mentioned equations depend on the same Q value. Therefore, it can be concluded that the actual current I rise at the bias operation-point V D (small-signal) or the average current I rise reaching the final bias setting V D (transient) causes the differences in the switching frequency. When the device is operated solely in low-injection mode, I rise is a diffusion component that is lower than I dif at the same V D value. When the device is also operated in high-injection mode, I rise comprises both the diffusion and drift components, which is much less than the actual drift current for the same V D value. Therefore, typically for a high small-signal switching speed, the actual current, hence bias, should be relatively high, while for a high transient switching speed, I rise , hence V D , should be low.
B. OFF-Switching
For switching OFF the p-i-n diode, the excess charge should be reduced via drift of charge carriers (or by "charge carrier sweep-out" [17] ). The high charge carrier concentration, as described in (6) , and an aiding reverse bias field yield a high drift current for the fall (or reverse) current I fall . In the case of small-signal switching, the transit time when switching OFF the device can then be simply described by (12 
where I fall is the actual fall current. I fall is simply an average drift current [see (8) ] and will be much higher than I rise during ON-switching while the same amount of built-up charge Q should be reduced to zero. Therefore, it can be concluded τ fall τ rise . In addition, for low V D , I fall will drop more than Q since the drift current ∼Q · V D ; consequently, τ fall increases for lower V D .
